Nuclear receptors take center stage in Th17 cell-mediated autoimmunity
Heightened immune responses are needed to fight harmful microorganisms, yet those same responses have to be kept from overreacting and attacking the body's normal tissues to cause autoimmunity. This balance is maintained by a complex set of interactions among various immune cells. Th17 cells are a subset of CD4 + T cells characterized by the production of high levels of the cytokines IL-17 (also known as IL-17A), IL-17F, and IL-22 (1) . They are important for the clearance of certain bacterial and fungal pathogens (1) . However, Th17 cells have also been implicated in various human autoimmune diseases and other chronic inflammatory conditions (1) . Since the initial discovery that the nuclear retinoic acid-related orphan receptor γt (RORγt) is key to the differentiation of Th17 cells (2) , transcriptional regulation of Th17 cells has been intensively investigated.
Aryl hydrocarbon receptor, an important regulator of Th17 cell differentiation Aryl hydrocarbon receptor (Ahr), a liganddependent nuclear receptor, is among the handful of transcription factors implicated thus far in Th17 cell differentiation (3). Although its endogenous ligands remain elusive, Ahr is best known to mediate the effects of environmental toxins (e.g., the human carcinogen dioxin; ref. 4) . Ahr belongs to the basic region helix-loop-helix (bHLH)/Per-Arnt-Sim (PAS) family of proteins (4) . Ligand binding to the PAS domain triggers the transcriptional activity of Ahr, inducing target gene expression. Ligandactivated Ahr enhances the expression of IL-17 and is essential for IL-22 expression (5) . Recent data suggest that Ahr may promote Th17 cell differentiation, in part through suppression of Stat1 phosphorylation (6) . However, the precise molecular mechanism(s) by which Ahr regulates Th17 cell differentiation still remain elusive.
Role of liver X receptors in regulating immune response
Liver X receptors (LXRs) were originally classified as orphan nuclear receptors. However, it was subsequently determined that both LXR isoforms (LXRα and LXRβ) are ligand-dependent transcription factors activated by metabolites of cholesterol that cause a conformational change in the LXR upon binding (7) . LXRs form a heterodimer with retinoid X receptor (RXR), which then binds DNA and modulates the expression of various genes involved in regulating cholesterol homeostasis, including ABCA1, ABCG1, and SREBP1 (7) . More recent studies have expanded the role of LXRs to implicate them as modulators of the immune response (8) (9) (10) (11) . LXR ligands have been shown to inhibit LPSor cytokine-induced expression of genes encoding inflammatory mediators such as IL-6 (8), and LXR-dependent gene expression is required for macrophage function in response to bacterial infection (9).
Because both isoforms of LXR are expressed in CD4 + T cells (11) , it was also thought that LXRs might play a role in the adaptive immune response. Indeed, it has been reported that LXR activation inhibits lymphocyte proliferation (10). Bensinger et al. showed that ligand activation of LXRs blocked mitogen-driven T cell expansion by altering cellular sterol content via a pathway requiring the LXR target gene Abcg1, whereas loss of LXR expression conferred a proliferative advantage to lymphocytes and an enhanced immune response (10) . Additionally, it has been recently found that LXR activation and signaling are necessary for apoptotic cell clearance as well as the maintenance of immune tolerance by macrophages (12) . Apoptotic cells activate LXRs, inducing expression of the receptor tyrosine kinase Mer, which is critical for phagocytosis (12) . Mice deficient for both LXRα and LXRβ exhibit decreased self-tolerance and eventually develop autoimmune glomerulonephritis, a mouse model of lupus-like autoimmunity (12) . This suggests that LXR activation blocks inflammatory immune responses by both inhibiting lymphocyte proliferation and preventing the initial exposure of self-reactive antigens to T cells by regulating apoptotic cell clearance.
Ahr/LXR crosstalk in Th17 differentiation and autoimmunity
In this issue of the JCI, Cui et al. report another novel role for LXR in negatively regulating mouse and human Th17 cell differentiation by disrupting Ahrinduced IL-17 production (13) . Their data suggest that LXR-induced Srebp-1 suppresses Th17 differentiation by binding to the E-box element in the Il17 promoter that overlaps with an Ahr-binding site ( Figure 1 ). Furthermore, they show that Srebp-1 physically interacts with Ahr and prevents Ahr binding to the DNA to induce Il17 transcription.
A role for LXRs in regulating Th17 cells was initially suggested by earlier experiments showing that an LXR agonist, T0901317, was able to inhibit the development of EAE by suppressing expression of IL-23R and the Th17 cytokines IL-17, IL-21, and IL-22 (14) . Since T0901317 also binds to other nuclear receptors (e.g., farnesoid X receptor, RORγ, and RORα), the role of LXR in Th17 cell differentiation was unclear (15) . The data published by Cui et al. provide evidence for a novel mechanism of LXR-mediated negative regulation of Th17 cell differentiation using elegant gain-of-function and loss-of-function approaches (13) . Overexpression of LXR in naive CD4 + T cells inhibited differentiation to the Th17 lineage in a dosedependent manner, while a deficiency of both LXR isoforms promoted Th17 cell differentiation. These results were corroborated by in vivo studies in the EAE model of multiple sclerosis, where LXR agonists inhibited IL-17 secretion but not IFN-γ secretion in the CNS, suggesting a selective role for LXRs in suppressing Th17 differentiation in vivo. These results were not unique to mice, as it was shown that LXR activation also decreased in vitro human Th17 cell differentiation. Cui et al. further showed that Srebp-1, which is encoded by a downstream target gene of LXR, exerted an inhibitory effect on the Il17 promoter to reduce Il17 transcription after translocation into the nucleus following LXR activation (13) . The Ahr-mediated activation of Il17 transcription was suppressed by LXR-activated Srebp-1, which inhibited Ahr activity through physical interaction (Figure 1 ). Besides inhibition of Ahr function, ligand activation of LXR also inhibited the expression of the nuclear receptors RORγt and Ahr, which are implicated in driving Th17 cell differentiation. These findings provide another example of negative regulation of Th17 cell differentiation through protein-protein interaction in addition to the previously established inhibitory interaction between the transcription factor forkhead box protein 3 (Foxp3) and RORγt (16) .
Future studies of LXR-mediated negative regulation of Th17 cells
The current study by Cui et al. (13) provides a satisfying molecular explanation for how ligand-activated LXR inhibits Th17 cell differentiation through negative interaction between Srebp-1 and Ahr, and thereby how it ameliorates autoimmunity (e.g., EAE). There are, however, several interesting questions that remain to be answered. First, the LXR agonist T0901317 has been found to potently inhibit the transactivation activity of RORγ, an isoform of RORγt that is expressed in non-hematopoietic cells, resulting in modulation of the ability of the receptor to interact with transcriptional cofactor proteins (15) . Interestingly, RORγ has recently been shown to bind cholesterol derivatives (17) . Since RORγ and RORγt share the same ligand-binding domain (18) , these results suggest that RORγt, much like LXR and RORγ, may bind and perhaps respond to metabolites of cholesterol, providing a possible crosstalk between RORγt and LXR. The link between cholesterol levels and autoimmune inflammation thus needs to be further explored. Another remaining question is, How does LXR inhibit the expression of other genes encoding factors implicated in Th17 cell differentiation and function such as IL-17F, IL-22, and IL-23R? It will be interesting to determine whether inhibition of these genes is due to interaction of Srebp-1 and Ahr at their promoters or is an indirect result of reduced RORγt and Ahr levels. Cui et al. provide strong evidence that LXR agonists inhibit Ahr signaling (13) . It remains to be determined whether the interaction of Srebp-1 through the PAS domain of Ahr could interfere with Ahr ligand binding, thus inhibiting the transcriptional activity of Ahr. Further, given that LXR antagonizes the activity of Ahr, it remains to be determined whether activation of Ahr could interfere with LXR signaling and/or activity.
Clinical implications of LXR for Th17-mediated immunotherapy
Although recent findings suggest that LXR would be a promising target for therapy in Th17 cell-mediated inflammatory diseases, it has been found to have varying effects on autoimmune disorders. Activation of LXR relieved EAE in an experimental model of multiple sclerosis, but worsened collagen-induced arthritis by aggravating articular inflammation and cartilage destruction (14, 19) . The role of LXR in immunity, with both activating and suppressive functions, is an area of ongoing investigation. It is tempting to speculate that this dual function could be linked to the activity of Ahr in these models. In EAE models, Ahr activation leads to earlier onset of disease and increased severity (5, 20) . LXR agonists in this model can block the effects of Ahr, thus reducing CNS inflammation. Intriguingly, increased Ahr activation has also been shown to exacerbate RA symptoms (21), but LXR agonists do not relieve symptoms in collagen-induced arthritis mouse models; rather, they exacerbate the disease (19) . This seemingly contradictory result could be due to a negative regulatory role of Ahr in certain immune cells (e.g., Tregs, macrophages, and dendritic cells). For example, some Ahr ligands have been proposed to promote Treg differentiation and thus may exert an immune-suppressive function (4, 20) . In LPS-induced inflammatory responses, genetic ablation of Ahr in mouse macrophages led to elevated levels of IL-6 and hence increased sensitivity to endotoxin shock (22) . Consistent with this, LXR activation led to augmented release of cytokines by monocytes obtained from RA patients (19) . Most recently, Ahr has been identified as a negatively regulator of dendritic cell immunogenicity via a kynurenine-dependent mechanism (23) . Together, these data imply that the inhibition of Ahr via LXR may have different biological outcomes depending on different cell types and disease models. Nevertheless, the findings of Cui et al. (13) have important implications for those seeking to develop treatments for Th17 cell-mediated inflammatory autoimmune diseases by targeting nuclear receptor pathways (e.g., those regulated by AHR, LXRs, and RORs).
